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Abstract— System operators in the electricity industry are
required to procure resewne capacity to deal with unanticipated
outages, demand shocks, and transmission constraints. One
traditional method of procuring resewesis through a separate
capacity auction with two-part bids. We analyze an alternative
scheme whereby resewes are procured through the enemy
market using only enemy bids, and capacity payments are
made basedon a generator’s implied opportunity cost.By using
the revelation principle, we are able to derive the equilibrium
bidding function in this market and show that generators have
a clear incentive to understate their costsin order to capture
higher capacity rents. We then show that in spite of making
energy payments based on the marginally procured unit, the
expectedenergy costsunder our schemeare bounded by that
of a disjoint auction. We then give a numerical example for a
special caseof uniform demand distrib utions.

|. INTRODUCTION

A commonfeature of restructuredelectricity markets is
that an IndependenSystemOperator(ISO) is chaiged with
thetaskof maintainingreliability of the electricitynetwork in
real time. Typically the ISO will performthis by procuring
electricity resenes in advance,which can then be quickly
dispatchedo maintainsystemreliability in real-time.

In competitve markets,the assignmenbf generatingunits
to resere statusis done through some form of market
mechanismTraditionally, the ISO will run aresene auction
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which is separatdrom ary otherenegy marketsit operates.
Under this scheme,it will normally solicit a two-part bid

from eachgenerator—a capacityand enegy price. The ISO

will then compareall the bids by using somescoringrule,

and basedon that make assignmentind dispatchdecisions.
Units which are assignedresene statusreceve a capacity
payment, regardlessof whether or not they are actually

calledto generateenegy ex post. Units which aredispatched
to generatein real-time are given a supplementalenegy

payment.

The market designchallengeis to devise the scoringand
settlementrule in such a way so as to prevent generators
from collectingexcessve rentsby gamingthe market. A well
known procurementuctionof this sortwhich highlightsthe
dangersof a poorly-designedmechanismwere California’s
1993 round of biennial resourceplanning update (BRPU)
auctionsThemechanisnwasdesignedo resemblea Vickery
auction[1] wherebythe bidder with the lowestscorein the
initial auctionwas allowed to negotiatetermsfor a contract
similar to those offered by the bidder with the second-
lowest score.The rationalefor this auctionmechanismwas
that becauseof its second-pricenature,generatorsvould be
inclined to bid their true costs.Bushnelland Oren [2] [3]
predictedthat the specific scoring rule usedin that auction
would lead to an understatementdf maminal costs, which
turnedout to be true.

To deal with this incentive problem, Bushnelland Oren
[3] devise a discriminatorypricing and settlementule. They
shav that in their auction, generatorswill reveal their true



Bulk Powver SystemDynamicsand Control VI, August22-27,2004, Cortina D’Ampezzo, Italy 2

costsso long asthey agreewith the ISO on the probability
distribution of enepgy calls. Chaoand Wilson [4] devise an
alternatve schemewhich is basedon a uniform settlement
price, and show that truthful revelation of costsis incentive
compatibleunder that settlementschemeas well. Further
more, they point out that their designis more robustin the
sensethat it does not require the ISO and generatorsto
agreeon the probability distribution of dispatchedenegy.
In contrastto theseseparatetwo-dimensionalprocurement
auctionswhich have beenanalyzedn the past,we considera
resene auctionwhichis integratedwith the day-aheadnarket
andbasedsolelyon enegy bids. Assignmento resene status
and subsequentlispatchis done basedon the merit order
of those enegy bids. Generatorswhich are dispatchedto
generateaeceie a uniform market clearingprice for enegy.
Thosewhich areheld for reseresbut not dispatchedeceie
a capacitypaymentbasedon their implied opportunitycost,
which is the differencebetweenthe uniform market-clearing
price for enegy andtheir own enegy bid.

The main goal of this paperis to model the integrated
market for enegy reseres, and to derive the equilibrium
bidding behavior of generatorsThe remainderof this paper
is organizedasfollows. Sectionll presentsa formulationfor
the market and derives the equilibrium bidding strateyy of
generatorsln Sectionlll we derive a boundon the expected
enegy paymentsWe then analyzebidding behaior with a
numericalexamplein SectionlV. SectionV concludes.

Il. BIDDING IN THE RESERVE MARKET

We proposerunning a combined day-aheadmarket for
enegy and resenes. The ISO will procureresene enegy
from this market basedon its estimationof how muchwill be
necessaryo meetthe next day’s load reliably. Of thesepro-
curedresenes,somewill be dispatchedo generatesnegy,
which dependson the actualreal-timeload. Dispatchedoad
will be paid a uniform market clearingprice, andgeneration
capacitywhich is procuredbut not dispatchedwill be given
a capacitypaymentbasedon its opportunitycost. The chart
in Figure 1 illustrateshow the proposedmarket would settle
for a given procurementand dispatchquantity

Opportunity Cost Payment for Reserves

Under True Cost Offers
Reserv
Forecasted demand capacity
Deployed reserves —» <«—
N
1 Opportunity
Uniform clearing price A Payments for

undeployed
reserves

(paid for produced energy) /
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Location In Merit Order (MW)

16,001 18,001 20,001

Fig. 1. Market SettlementExample.

A. Assumptions

We assumethat the amountof enegy procuredwill be
a randomvariable, ¢, which has an atomlessdistribution
function F(Q)) with a non-zerodensity on its support of
[90, ¢1]. Onemaythink of this procuremenguantityassome
forecastof the load for the next day, plus a resene mamgin
which is an additionalr% of that forecastquantity

In real-time,a certainfraction,m, of thatprocuredquantity
will bedispatchedo generateenegy. Again, we assumethis
fractionm to be randomandto have a distribution function
H(m), with a supportof [3,1]. If we take the view that
the procuredquantity @ is the forecastedoad plus a reverse
magin of »%, thenwe would define = 11?
fraction dispatchedwill be somevherebetweenthe forecast
guantity and the forecastplus the resene margin. Note that

andthe actual

sincem hasan uppersupportof 1, we implicitly assumehe
ISO will never have a shortfall of procuredresources.
Naturally we can define E = m x @ to be the total
capacity dispatchedfor enegy. The dispatch quantity F,
will also be stochasticand its distribution function, G(E),
will be implied by F(-) and H(-) and will have a support
of [Bqo, g1]. Finally, in our analysisof the opportunity cost
auction,we will ignore network effects. This is equivalentto
assuminghereis no network congestionWe alsoignorethe
possibility of differentramp ratesamonggeneratorsso that
enegy is alwaysdispatchedn merit orderbasedon mamginal
cost. In a realistic setting where generatorshave different

$60.00

$50.00

$40.00

$30.00

$20.00

$10.00

$0.00

Cost and Offer



Bulk Powver SystemDynamicsand Control VI, August22-27,2004, Cortina D’Ampezzo, Italy 3

rampratesthe ISO may dispatchan ‘out of merit’ expensve

but slow-respondinggeneratorfor enegy beforea low cost

but fast-respondingunit in order to sase the fast response
unit for reseresin caseof an emegeng.

As for the generatorswe assumethey are risk-neutral
profit-maximizing firms and that each MW of generating
capacity which is characterizedy its location within the
resourcestackg, is bid individually of others(i.e. thereare
no multiunit effects). Generatorshave perfectinformation
regardingthe aggreyatecostfunction, ¢(q), whereq defines
the location of eachMW within the resourcestack, along
with their own positionin the merit order Usingthis informa-
tion, generatorsill submitenegy bidsfor eachincremental
MW of generationThe ISO will thenprocurecapacityday-
aheadbasedon the merit order of the enegy bids. All
generatorsvhich are called to generaten real-timewill be
paid a uniform market-clearingprice which is the bid of the
mauginal procured (not dispatched)unit. Generatorswhich
are procuredbut not dispatchedwill receve their implied
opportunity cost of being held for resere, which is the
differencebetweenthe market clearing price and their own
bid.

B. Derivation Of Equilibrium Bidding Function

We theorize that due to the opportunity cost basedca-
pacity paymentusedin this market, generatorsill have an
incentive to shadetheir bids below costin orderto capture
capacityrents.To derive the equilibrium bidding function of
the generatorswe usethe condition that eachgeneratoris
maximizing expectedprofits. Supposehat all generatordid
accordingto a monotonically-increasindpid function, b(g).
An arbitrary generatolocatedat ¢ within the resourcestack
must choosea bid b to maximizeits expectedprofits given
the bidding behavior of the other generatorsBy appealing
to the revelation principle, we can restrict attentionto a
direct revelation mechanismwherein the generatorreveals
a location within the resourcestack. Thus, if we let § =
b=1(b), the generatoss bid of b is equivalentto it revealing
a location ¢ within the resourcestack.We canthenexpress
the generators expectedprofits asa function of its actual(q)

1The monotonicity requirementis neededso the bid function preseres
the merit order of the generators.

andrevealed(g) locationwithin the stack:

+oo
/ [b(z) —b(@)]dF (z)+[b(d) —<(g)] X [1-G(Q)]
! (1)

Differentiatingequation(1) with respectto ¢ givesthe first-

7°(q,q)

order necessaryondition (FONC) for optimality of the bid
choiceg, which is:

YD tr(g)-G@+elas@ =0

Sincethis is a truthful revelation mechanismwe let § = ¢
which yields the differential equation:
db(a) _ [e(a) — b(g)]g(q)
dq G(q) — F(a)
with the boundarycondition,

b(q) = c(q) for ¢ s.t. G(q) = F(q).

Thus, the optimal bidding behaior of the generatorswill
be dictated by the differential equation (2). Note that if
G(q) > F(q), thend(q) < ¢(q) <= %(qq) > 0. Becausewe
assumen < 1, it is clearthat G(q) > F(q). For anintuitive
explanation of this condition, note that it is equivalent to
1— G(¢q) £ 1— F(q) which saysthat for ary quantity §
thereis a higher probability of having to procureat leastg

%we(q,q) = b(@)g(@)+

)

MW thanhaving to actually dispatchat leastg MW.

I1l. EXPECTED ENERGY COST

An important policy questionwhen designinga market
is how the expected procurementcosts will compare to
alternatve designs.The standarddesign, which we use as
our benchmarkjs a disjoint market for enegy andreseres.
This comparisonis slightly confoundedby the fact the cost
of reservinga unit can be difficult to ascertainlndeed,our
modelassumeso direct costof reservingcapacity thusthe
only economiccost of being assignedresene statusis the
opportunitycostof not selling in the enegy market—which
is the basisof our settlementscheme.Thus our comparison
will be basedon expectedenepy costs.

A standardcriticism of using an opportunity-costbased
settlementrule in our market is that becauseenegy pay-
ments are basedon the maminally procured (as opposed
to dispatched)unit, it overcompensatesnegy producers.
Although this pricing rule could resultin overcompensation
of enegy, we find that the equilibrium bid-shadingbehavior
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will actuallymitigatesuchoverpaymentsTo seethis, we first
study a generalclassof auctionmechanismsin which our
auction falls. For the auctionswe analyze,we assume(in
additionto the assumption®f Sectionll):

1) A generatois dispatchedo generatenegy basednly
onwhethemrealizeddemands greatethanherrevealed
location,i.e. E > ¢,

2) Generatorswhich are dispatchedare paid a uniform
price basedon E, the demandrealizationand m, the
fraction of reseresdispatched.

We cannow shaw, usinga techniquesimilar to that usedby
Riley and Samuelsor}5], thatunderary auctionmechanism
with a settlementrule meetingtheseassumptionsexpected
generatomprofits are equivalent.

Theorem 3.1: Supposethe stated assumptionshold and
generatorsare risk-neutral profit maximizers.The first-best
equilibrium bidding strateyy for any auctionrule will yield a
generatoilocatedat ¢ within the resourcestackan expected
profit of

+00
| e®)6(E) - ol - Gla)

Proof: qu assumptiongeneratorslispatchedo produce
enegy receve a uniform paymentwhich is a function of £
andm. SupposeP(E,m) is a function, giving the payment
for eachrealizationof E and m. We can then write the
expectedprofit of a generatorlocatedat ¢ and revealing a
location g as:

1 —+oo
7*(d,0) /ﬁ / [P(E,m) - e(q)JdG(E)dH (m) (3)

The FONC for maximizing equation(3) is:

(%we (6,0) = 9(d) /B [e(g) — P(4,m)] - dH(m) = 0

Assuminga truthful revelation mechanismthis becomes:

I
o

/ﬂ le(q) — P(q,m)] - dH (m)

/ﬁpm,m)-dH(m) ) @

2Notethatthis assumptiorallows paymentgo alsodepencbn theresered
quantity @ = E/m.

Substitutingequation(4) into equation(3) yields:

+oo
7*(¢,9) / [(E) — e(q)] - dG(E)

“+oo
/ (E)AG(E) — e(g)[L - G(q)],

which is the desiredexpression. ™

We can now look at the two settlementrules, in which
enegy paymentsare basedon the maminally dispatchedand
procuredunits.

« Marginally Dispatched Payments
Whenpaymentsare basedon the maminally dispatched
unit, our paymentfunction is:

P(E,m) =b(E)

the bid of the lastdispatchedunit. Substitutingthis into
equation(4) givesus:

Thus, generatorsid their true costof generation.

« Marginally Procured Payments
When paymentsare, instead,basedon the mamginally
procuredunit, the paymentfunction becomes

P(E,m) =b(E/m)

When we substitute this into equation (4), we can
derive the following integral expressioncharacterizing
the optimal bid function:

/ﬁ b(g/m)dH (m) = c(q).

The result of Theorem3.1 (as demonstratedby our two

examples)relieson generatoroptimally adjustingtheir bids
to maximize profits underary given settlementrule. As a

result,their expectedpaymentsareexactly equivalentto what
they would acheve underan auctionwhich paysthembased
on the mamginally dispatchedunit.

As a simple corollary, ary other bid function will give
expectedprofits no greaterthan what can be achievzed with
the optimal bid function. In generalthe bid function in our
auctionwith opportunitycostcapacitypaymentswill resultin
lower enegy paymentsbecausegeneratorshadetheir bids
to receve greatercapacityrents.
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IV. NUMERICAL EXAMPLE

In order to fully derive equilibrium bidding behaior in
this market, we must make assumption®n the two demand
distributions and generatorcosts. We will now study an
example in which the two distribution functions F'(-) and
H(-) areuniform.

A. Bidding In Uniform Distributions Case

In our example,we assumehe densityof the procurement
quantitywill be:

1
1@ =
and likewise the densityof the dispatchquantity will be:
1

Thesetwo distribution functions imply the density of the
dispatchedquantity which is:

1 FE
T=Aa=a) 1°8(5r;)
1

1
B 108(5)
1 T1
T 108(F)

for Bgo < E < qo,
for go < E < Bqi,
for B¢ < E < q1.

9(E) =

Using thesedensity functions,we can derive the equilib-
rium bidding behavior in the market numerically’. In our
example we assumevaluesof ¢ = 16,500MW and ¢,

22,000MW, a resene mamgin of 10% which corresponds
to 8 =~ 0.9091, and a linear cost function cappedfrom
below at $15 per MWh. The chartin Figure 2 shows the
equilibrium bidding stratgiesin relationto the costof each
unit. We seethatgeneratorsvhich have a positive probability
of beingprocuredfor reseresbut not dispatchedo generate
enegy have anincentie to shadetheir bids below true cost.
This is due to two effects which confound one another
As a generatormoves further up in the resourcestack, its
probability of beingdispatchedor procured)alls. Thusthere
is a lower chanceof it being forced to generateat a loss.
Furthermore,when a generatoris procured day-ahead,ts
probability of being dispatchedfor enegy dependson how
closeit is to settingthe market-clearingprice. In otherwords,
whenthe market clearingprice is closeto its own bid, then
the probability of beingdispatcheds relatively low. It is only
asthe maminal unit is furtherup the resourcestack(meaning

3We are unable to derive a closed-form solution to the differential
equations.

the market clearing price is higher) that the probability of
dispatchrises.
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Fig. 2. Equilibrium Bidding Function: Uniform Example.

B. Expected Procurement Costs

Using the data from our numerical example, we can
calculateexpectedenepgy costsunderour auctionmechanism
andcompareit to whatit would be in an auctionwhich pays
basedon the maminally dispatchedunit. Theorem3.1 tells
us that expectedenegy profits underour auctiondesigncan
be no greaterthan what would be achieved when enegy
paymentsare basedon the maminally dispatchedunit.

We can numerically comparethe expectedcoststo see
that this is indeed true. The expected enegy costs when
generatordid accordingto our equilibrium bid function and
enegy paymentsare madebasedon the maminally procured
unit is:

q1 4
wi= [
90 Bp

Whereasif generatordid true costin anauctionwhich pays

s+ b(p)dG(s|Q = p))dF (p).

basedon the maminally dispatchedunit, the expectedcost

q1
koo |
Bao

Using the data from our example, we find that under

will be:
s-c(s)dG(s).

our proposedschemedispatchcostswould be approximately
$655,586,whereasunder truthful revelation and payments
basedon the maminally dispatchedunit, expectedenegy
costswill be approximately$664,942.Figure 3 illustrates

Cost and Offer



Bulk Powver SystemDynamicsand Control VI, August22-27,2004, Cortina D’Ampezzo, Italy 6

the differencein the settlementprice when enepy is paid
the true mamginal costof the dispatchedunit, as opposedo
the shadedbid of the maminally procuredunit under the
proposedauction.

Equilibrium Bidding Function

Procured|capacity

Energy demand

forecast / sa00a
L f}r
) ,/ i
Uniform clearing price for deployed /’/

energy under true cost offers Dlearing plice

for deployed
Deployed reserves

B
g
Costs (Offers)

- §2000

energy under
opporiunity
approach with
with shaded  .som
offer prices
Reserves |

—

100m 1200m ram 18,000 150m

Location In Merit Order (MW)

Fig. 3. CostComparisonExample.

V. CONCLUDING REMARKS

We have shavn that oneviable alternatve to the standard
two-dimensionaprocurementwuctionfor resenesis to con-
duct the procurementauction within the day-aheadenegy
market itself. By procuring excesscapacity day-aheadand
dispatchingwhatever resourcesare necessaryin real-time,
the systemoperatorcan run a single transparenmarket as
opposedo two separateoneswhich is a standarddesignin
usetoday A clear advantageof this is that generatorsno
longer have to decidewhich market to bid into, which can
be anissueif the two are operatedsimultaneouslyThe fact
that generatordid accordingto a monotonicfunction means
the dispatchwill be efficient. We have further demonstrated
that procurementostswhengenerator®ptimally bid in this
market are belov what they would be had they truthfully
revealedcosts.As for future work in this area,we hopeto
expandour analysisof joint auctionsfor enegy andresenes
with opportunity cost paymentsfor resenes in a network
setting with locational prices due to congestion.We will
also explore the effect of differential ramp rate which may
alter the orderin which generatorsare deployed for enegy
production.
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